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ABSTRACT 

We report strict upper limits to the radio luminosities of three neutron star low-mass X-ray binaries 
obtained with the Very Large Array while they were in hard X-ray states as observed with the Rossi 
X-ray Timing Explorer: IE 1724-307, 4U 1812-12, and SLX 1735-269. We compare these upper 
limits to the radio luminosities of several black hole binaries in very similar hard states, and find 
that the neutron star systems are as faint as or fainter than all of the black hole candidates. The 
differences in luminosities can partly be attributed to the lower masses of the neutron star systems, 
which on theoretical and observational grounds are expected to decrease the radio luminosities as 
M 8 . However, there still remains a factor of 30 scatter in the radio luminosities of black hole and 
neutron star X-ray binaries, particularly at X-ray luminosities of a few percent Eddington. We find 
no obvious differences in the X-ray timing and spectral properties that can be correlated with the 
radio luminosity. We discuss the implications of these results on current models for the relationship 
between accretion and jets. 

Subject headings: X-rays: binaries — X-rays: individual: IE 1724-307, 4U 1812-12, SLX 1735-269 
— accretion — jets 



1. INTRODUCTION 

Astrophysical jets are observed from a wide range of 
syste ms, including active gal actic nuclei llLvnden-Belll 
1996), young stellar objects ijBachillerl 119961) . accret- 
ing white dwarfs in symbiotic binaries l|Crocker et alJ 
120031 ISokoloski fc Kenvonl I200I and super-soft X-ray 
sources l|Cowlev et al.l Il998|) , and neutron stars and 
black holes in X-ray binaries l)Fenderll2004|) . Although 
it is generally accepted that the power supplied from 
these jets has its origin in accretion, the details of 
the mechanisms producing the jets are n ot fully es- 
tablished fe.g.. IBlandford fe Pavnel Il982t IMeier et all 
l200ltlHeinz fc Sunvaevl2003l Falcke. Kording. & Markoff 
2004). Observationally, one possible impediment to un- 
derstanding these mechanisms is that the jets prob- 
ably form on the time scales at which changes oc- 
cur in the accretion flow (e.g., the viscous time 
scale; see[H artmann & Kcnvon 1996; Mirabel et alJl998t 
ISokoloski fe KenvorJ20 03'). For young stellar objects and 
active galactic nuclei, that time scale is months to years, 
which makes it difficult to obtain well-sampled observa- 
tions of jets as they form. Therefore, in trying to es- 
tablish what conditions are needed to produce jets, it is 
often hard to disentangle the relative importance of the 
state of the accretion flow from the physical properties of 
the systems as a whole, such as the binary orbital period 
or the rotation rate of the accreting object. The excep- 
tions are accreting compact objects, in which, because 
of their small size, the structure of their accretion flows 
are observed to change on time scales of hours to days. 
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Recent observations of X-ray binaries have provided the 
first information about the time-dependent relationship 
between the accretion flow and the formation of jets (e.g., 
Mirabel et al. 1998; Fomalont, Geldzahler, & Bradshaw 
2001; Fender et al. 2004; Fender, Gallo, & Belloni 2004). 

A particularly striking picture of the relationship be- 
tween accretion and jets has emerged for black hole X- 
ray binaries Csee lFend"erll2004 for a review). The accre- 
tion flows can be characterized by three "states" based 
on the spectral and timing properties of their X-ray and 
gamma-ray emission (0.5-500 keV): (1) a hard state that 
usually occurs at relatively low accretion rates in which 
the X-ray emission forms a power-law with photon in- 
dex r » 1.5 — 2.0 that is exponentially cutoff at an 
energy of ~ 100 keV, and the power spectrum resem- 
bles band-limited white noise with a power of 10-30% 
rms, (2) a thermal state at higher accretion rates, in 
which the X-ray emission resembles that expected from 
a canonical optically-thick, geomet rically-thin accretion 
disk w ith a temperature of ~ 1 keV ( Sha kura fc Sunvaevl 
I1973|) . and in which the power spectrum exhibits only 
weak noise (1-6% rms) with a power-law shape; and (3) 
a steep power-law state that is characterized by the sum 
of thermal emission plus a power-law of photon index 
T = 2 — 3 that extends without a break to ~ 500 keV, 
and the power spectrum usually contains quasi-periodic 
oscillations at low-frequency (0.1-20 Hz), and less often 
at high frequencies (150-450 Hz ) or in the mHz range (see 
iMcClintock fc Remillard|l2004l for further discussion). 

The radio emission associated with these states comes 
in two forms. First, optically thick radio emission from 
compact jets that extend o nly tens of AU (D hawan, 
Mirabel, & Rodriguez 2000: iStirling et al.ll200l|) is ob- 
served to coin cide with the X-ray hard power-law state 
(r = 1.5-2.0: lBroRksoDD et alllT^ICorbel et al.ll200?j 
Gallo, Fender, & Pooley 2003). The hard states and 
their jets can persist for days to months with rela- 
tively steady flux, and yet the jets become quenched 
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when sources enter thermal-dominated states. 6 Sec- 
ond, transitions between these states are often observed 
to coincide with the formation of discrete synchrotron- 
emitting structures that travel relativistically across the 
sky (e.g^lMir^Jj eLfcRQ^riguej 1994: Fender ct al. 1999: 
iFomalont et alJl2001t iFender fc Kuulkersl 1200 lFT These 
ballistic jets form on time scales of a day, and eventually 
travel thousands of AU from the central black hole. 

X-ray binaries containing neutron stars with relatively 
weak magnetic fields (B < 10 9 Gauss; these are almost 
always found in low-mass X-ray binaries, or LMXBs) 
resemble black hole systems in some respects, because 
the inner edge of the accretion disk can extend to near 
the inner most stable General Relativistic orbit in both 
types of systems. However, the relationship between 
X-ray and radio emission from neutron star LMXBs 
has not been as firmly established. Similarly to the 
black hole X-ray binaries, neutron star LMXBs exhibit 
a hard X-ray state with a T w 1.5 — 2.0. However, 
the analogs of the thermal-dominated and steep power- 
law states appear to be replaced by soft states in which 
most of the X-ray emission is produced by the bound- 
ary between the accre t ion disk and the neutr on star 
Ce.g.. lvan derKhlll995l TPone & Gierlinskill2003ft . Tran- 
sient radio emission has been observed from neutron 
star X-ray binaries during period s in which their X- 
ray spectrum was highly variable llPen ninx et alJl!988i 
i Berendsen et alJl2000i 'iHoman et al.ll2003UMigfiari et all 
120031 e.g.,), and in two cases this emission was resolved 
into b allistic jets llFomalont et alJ 120011 IFender et alJ 
l2004a|K However, the peak luminosity of their radio emis- 
sion is a factor of k, 30 low er than the black hole systems 
IFender fc Kuulkersl (|2001fl . Two neutron star system were 
also det ected in persistently soft states (4U 1820-30 and 
Ser X-1 : iMigliari et~ai]l200l : this emission does not eas- 
ily fit into the paradigm derived from black holes. How- 
ever, no study has systematically targeted neutron star 
X-ray binaries in their hard, T = 1.5 — 2.0 power-law 
states to determine whether or not they exhibit steady, 
compact radio jets. 

In this paper, we search for radio emission from three 
neutron star LMXBs in hard X-ray states with the Very 
Large Array (VLA) in order to determine whether the 
formation of compact jets affected by changing the cen- 
tral compact object from a black hole to a neutron 
star. We have observed three systems that remained in 
hard, T = 1.5 — 2.0 power-law states for the first five 
years of observations with the Rossi X-ray Timing Ex- 
plorer (RXTE): IE 1724-307 in Terzan 2, SLX 1735-269, 
and 4U 1812-12. Each of these systems exhibits ther- 
monuclear X-ray bursts, which demonstr ates unambigu- 
ously that they contain neutron stars llGrindlav et ahl 
I1980L iMurakami et alJll983t iBazzano et alJll997jh How- 
ever, their X-ray properties are otherwise almost in- 
disting uishable from those of black holes in their hard 
states llOlive et ap|1998l|Wiinands fc van der Klislll999t 
[ Barret et al.lll999L 2000[ iBelloni. Psaltis. fc van der Klisl 
120021 IBarret et^l20Ml . 

The organization of this paper is as follows. In Sec- 
tion 12.11 we explain how we selected our sample of 

6 Note that it is unclear whether optically thick radio emission 
accompanies the rarer ste ep power-law states (e.g., ITavani et alJ 
IT99?i lender et al Jl2004bl) . 



sources, and report on the X-ray emission derived with 
RXTE. We include considerable detail in order to estab- 
lish the degree to which these systems resemble black 
hole X-ray binaries in the hard state. In Section l2~2l we 
report on strict upper limits to the radio emission from 
three LMXBs in our sample that were obtained with the 
VLA, nearly simultaneous with the RXTE observations. 
In Section 3, we discuss the implications of a lack of radio 
emission from neutron star LMXBs in the hard state. 

2. OBSERVATIONS 

The basic observational properties of the three neutron 
star LMXBs that we have studied are listed in Tables ^ 
and □ 

2.1. RXTE 

RXTE carries three instruments: the All-Sky Monitor 
(ASM), consisting of three, 30 cm 2 proportional counters 
sensitive between 1.5-12 keV that sc an 80% of the sky 
every 90 minutes l)Levine et al.lll996Tk the Proportional 
Counter Array (PC A), consisting of five, 1300 cm 2 detec- 
tors that record events with capability for microsecond 
time resolution an d 256 channels of spectral resolution 
between 2-60 keV l|Jahoda et alll996lk and the High En- 
ergy X-ray Timing Experiment, consisting of two clusters 
of scintillation detectors, each with an effective area of 
800 cm 2 and sensitivit y between 15-250 keV (HEXTE; 
iRothschild et al.lll998j) . Data from all three instruments 
was used to characterize the X-ray emission from the 
LMXBs in our sample. 

We first used data from the PCA and ASM to iden- 
tify several neutron star LMXBs that persistently re- 
mained in a hard state (sometimes also referred to as the 
"island" of the atoll-shape in the color-color diagram) 
from the sample of systems that exhibit thermonuclear 
X-ray bursts (D. Galloway et al., in preparation). We 
first confirmed that the X-ray emission was steady using 
data from the RXTE ASM. We then measured the hard- 
ness of the X-ray spectrum using a hard color, which 
was defined as the ratio of the background-subtracted 
PCA counts in the (8.6-18.0)/(5. 0-8.6) keV energy 
bands, where the counts were normalized to account for 
changes in the gain of the proportional c ounter units (see 
iMuno. Remillard. fc Chakrabartvl 12003ft . Eight sources 
qualified as persistently hard, and we were able to ob- 
tain RXTE and VLA observations with a day of each 
other for three of these sources: 4U 1812-12, SLX 1735- 
269, and IE 1724-307. 7 The ASM light curves and PCA 
color-color diagrams from 8 years of observations are dis- 
played in Figure ^ in f ne remainder of this section, 
we report the X-ray spectral and timing properties from 
RXTE observations taken within 6 weeks of the VLA 
observations. 

2.1.1. X-ray Spectra 

To produce spectra, we extracted data in 128 energy 
channels from the top layer of each active detector of the 
PCA, and in 64 channels from cluster of HEXTE. For 
the PCA, the detector response and background were 
estimated using standard tools in FTOOLS version 5.1. 

7 The sample of persistently hard neutron star LMXBs also in- 
cludes 4U 1323-619, SAX J1712.6-3739, GS 1826-25, 4U 1832-330, 
and 4U 1850-087. 
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Fig. 1. — ASM light curves and PCA color-color diagrams illustrating the stability of the X-ray emission from the three sources we studied. 
The left panels plot weekly averages of the individual 90 s dwells. The horizontal bars at a count rate of —1 indicate periods when the sun 
was within 35° of the source. The vertical bars indicate the times of PCA observations, a subset of which were analyzed in detail for this 
paper. The right panels contain the hard and soft colors from the PCA data, which are defined as the ratio of the background-subtracted 
detector counts in the (3.6-5.0)/(2.2-3.6) keV and the (8.6-18.0)/(5.0-8.6) keV energy bands, respectively. All of the sources remained in 
the hard portion of the color-color diagram prior to 2001, although SLX 1735-269 became softer during observations in 2002 January. 



For HEXTE, the background from the intervals in which 
the cluster was pointed off-source, and the response and 
effective area estimates were obtained from CALDB ver- 
sion 2.23. We modeled the spectra jointly in XSPEC ver- 
sion 11.2, using the 3-25 keV energy range from the PCA, 
and the 15-200 keV energy range from HEXTE. We ap- 
plied a constant normalization to account for differences 
in the calibrated effective area of the PCA and HEXTE, 
and a 1% systematic uncertainty added in quadrature 
to the count spectra from the PCA to account for un- 
certainties in the detector calibration near the Xe edge 
at 4.5 keV. After confirming that the spectrum did not 
vary significantly over the course of the observations that 
we considered, we averaged the spectra to obtain better 
signal-to-noise at high energies. The resulting spectra 
are displayed in Figure [3 

We modeled the spectra using a phenomenological 
model that included a power-law continuum that pro- 
duced most of the 2.5-200 keV flux; a blackbody 
component at low energies to remove residuals below 
4 keV, which could result from emission from the neu- 
tron star's surface or the inner accretion disk; a re- 
flection component to account for r esiduals between 6- 
7 and 10-20 keV (refsch in XSPEC iFabian et alJll989t 
IMaedziarz fc Zdziarskil Il995j) . which may be produced 
by hard X-rays impinging on an optically thick accre- 
tion disk; and low-energy absorption caused by interstel- 
lar gas. The column density of interstellar matter (Nn) 
was fixed to the values determined from previous ob- 



servations of each source by either ASCA or BeppoSAX 
iDavid et all 119971 IGuainazzi et all Il998t IBarret et all 
1999, 2003). The parameters of the reflection compo- 
nent could not all be constrained independently, so we 
fixed the inner and outer radii of the disk to 10 and 100 
gravitational radii (GM/c 2 ), the power law index for re- 
flection emissivity to -2, the metal abundances to their 
solar values, the inclination to 30°, the disk temperature 
to 30,000 K, and the ionization fraction to 100. The final 
model is listed in Table |3] The black body and reflection 
components were only needed to obtain an acceptable 
X 2 /v for SLX 1735-269 and 4U 1812-12, and so were 
not included in the model of IE 1724-307. 

The spectra of these neutron star LMXBs are quali- 
tatively similar to those of bl ack hole candidates in their 
hard states, suc h as Cyg X-l ( Di Salvo et al.ll200ll e.g.,) 
and GX 339-4 JWilmset alJ 119991 e.g.). To highlight 
this similarity, we plot the spectrum of Cyg X-l from a 
21 ks RXTE exposure taken on 1996 October 23 in each 
of the panels in Figure [21 Both the black holes and the 
neutron stars are dominated by Comptonized spectra of 
kT ~ 100 keV and r < 1, plus a cool kT < 1 keV soft 
excess and reflection from an optically thick accretion 
disk. The spectra of the black hole candidates, however, 
are often a bit flatter (r « 1.5) than the neutron star 
systems (r ss 2). 

2.1.2. X-ray Timing 



4 



Muno et al. 



o 

<J 
o 




0.01 r 



100 



100 



100 



Energy (keV) 



Energy (keV) 



Energy (keV) 



Fig. 2. — PCA and HEXTE spectra of the sources in this study, in units of detector counts. The residuals from the best-fit absorbed 
Comptonization spectra are displayed in the bottom panels, in units of the uncertainty in the data. Residuals between 6-20 keV in 4U 
1812—12 and SLX 1735-269 are probably produced by hard photons that reflect off the optically thick accretion disk. We have plotted the 
spectrum of Cyg X-l in the hard state with a dashed line, for comparison to this sample of neutron star LMXBs. 




0.01 0.1 1 10 100 0.1 1 10 100 0.1 1 10 100 

Frequency (Hz) Frequency (Hz) Frequency (Hz) 



Fig. 3. — Power spectra of the neutron star LMXBs. The bottom panels illustrate the residuals to the fit of several Lorentzians to the 
data. The power spectrum of Cyg X-l in the hard state is illustrated with the dashed line, which has been scaled downward by a factor of 
10 for clarity. The timing data from the neutron star LMXBs have more power above 20 Hz, but are otherwise very similar to that of Cyg 
X-l. 



We produced power spectra using PCA data with 122 
fj,s (2~ 13 s) time resolution in a single energy channel 
(effectively 2-30 keV). We computed power spectra in 
256 s intervals, and averaged them weighted by the total 
counts to produce an accurate estimate of the contin- 
uum power. We then subtracted the deadti me-corrected 
Poiss on noise level from the power spectra l)Zhang et al.l 
1996), re-binned them logarithmically, and estimated un- 
certainties from the standard deviation in the individual 
points averaged to compute the final power spectrum. 



To quantify the shape of the power spectrum, we mod- 
eled the continuum with several zero-centered Lorentzian 
functions, and any QPOs with Lorentzians with variable 
centroid frequencies. We added Lorentzians until doing 
so no longer led to a significant decrease in \ 2 - The re- 
sults are listed in Table and displayed in Figure 01 

As before, the power spectra of these LMXBs strongly 
resemble those from black hole cand idates such as Cyg 
X-l and GX 339-4 in the hard stat e l|Nowak et a.lJll999t 
iSmith & Lianel 119991 iNowald l2000j) . For reference, we 
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Fig. 4. — Comparison of the radio and X-ray luminosity of the neutron star LMXBs in our sample (red symbols), with those from several 
black hole candidates in the hard X-ray state (blue symbols). The dashed lines represent the observed Lr oc L x ' 7 correlations observed 
for several individual sources. The dotted line illustrates a linear Lj^ oc Lx proportionality that is normalized to the radio flux from GRS 
1758—258. The radio flux is defined as that in a 5 GHz band around a central frequency of 5 GHz, assuming a flat radio spectrum. If 
5 GHz measurements were not available, then either measurements at other frequencies were interpolated onto 5 GHz, or measurements 
at a signle frequency were used under the assumption that the spectrum was flat (this introduced at most a 10% error). The X-ray 
luminosity is defined as that between 2-10 keV, deabsorbed. Values taken in different energy bands were extrapolated into the 2-10 keV 
band using the observed spectrum, or in one case (V404 Cyg) assuming a Y = 1.5 power law spectrum. Distances to the neutron star 
systems were obtained as follows: for IE 1724-307, we used the distance to Terzan 2 (4.1 kpc; Barbury, Bica, & Ortolani 1998); for 4U 
1812- 12, we used the peak flux of an Eddington-limited burst (6.6 kpc, taking Lgdd = 3.5 X 10 38 erg s~ 1 for pure He; Murakami ct al. 
1983); for SLX 1735-269, we assumed that a b urst that had no spectral information was Eddington-limited an d derived an upper limit 
to the distance (< 12 kpc; Bazzano ct al. 1997). For the blac k ho l e cand idates, the distances were taken from McClintock & Remillard 
( 2004), except for GRS 1758-258 , whic h was taken from Gallo ct al. (2003). References for radio and X-r ay fluxes of th e bl ack hole systems 
are as follows: G RS 1915+105 IMuno et aljl200l|). Cvg X-1 IStirling et aUI200H: IDi Salvo et alllaxjll) . GX 339-4 ICorbel et al.ll2003T). 
XTE J1118+480 IMcClintock et alJI200U: IFender et alJI200ll). V 4 04 Cvg IHan L Hiellminelll9921) . XTE J1550-546 |Corbel et alJl2001t 
ITomsick. Corbel, fc Kaaretil200H) "GRS 1758-258 ILin et alj|20"00h . 



have displayed the power spectrum of Cyg X-1 from 
1996 October 23 in each pane l of Figure 01 As noted by 
ISunvaev fc Revnivtsevl (|2000D and Belloni et al. (2002), 
the main difference is that the neutron star systems ex- 
hibit more power continuum above 20 Hz. 

2.2. VLA 

The VLA is a multi-frequency, multi-configuration 
aperture synthesis imaging instrument, consisting of 27 
antennas of 25 m diameter. We obtained VLA observa- 
tions of 4U 1812-12 under program AR 458, and of IE 
1724-307 and SLX 1735-269 under program AM 703 (Ta- 
ble nj. The observation under AR 458 was a 15 minute 
integration at 8.45 GHz. The observations under pro- 
gram AM 703 were 1 hour integrations at 1.42 GHz and 
2 hour integrations at 5.0 and 8.45 GHz. In all cases, we 
obtained 2 adjacent bands of 50 MHz nominal bandwidth 
processed in continuum mode. Calibration and imaging 
were carried out with standard tasks in the NRAO As- 
tronomical Image Processing System (AIPS) package. 

None of the three sources were detected in the radio. 



We estimated 1-cr upper limits to the radio flux by mea- 
suring the rms dispersion in the noise within 5" of each 
source. These upper limits are listed in Tabled 

3. DISCUSSION 

We have placed the first strict upper limits on the ra- 
dio emission from neutron star LMXBs that are known 
to have been in hard X-ray states. In Figure we com- 
pare the luminosities of these neutron star LMXBs in the 
radio and X-ray bands with those of several black hole X- 
ray binaries. For the black holes, the lumin osities were 
obtain ed from the references tabulated by IGallo et alJ 
l)2003l see the figure caption for details), using the 
most c urrent distances listed in IMcClintock fc Rem illard 
( 2004) . The neutron star LMXBs in our sample have the 
lowest radio luminosities of the X-ray binaries in Fig- 
ure 2| 

Several authors have found that the relation- 
ship between the X-ray and radio luminosities of 
both individual black hole systems and the ensem- 
ble of systems follows the relationship Lr cx L^ 7 
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l|Corbel et all 12001 iGallo et alJ 1200^1 . Remarkably, 
this scaling follows the spectral energy distribu- 
tion expected from models of a standard conical 
radio jet that extracts a fixed fraction of the total 
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Fig. 5. — Same as Figure 4, except that the X-ray luminosity in- 
cludes an extra mass-dependent term (M/Mq) 0,8 . Including this 
mass-dependence demonstrates that the radio upper limits from 
the three neutron star systems are all consistent with the fun- 
damental plane defined by the faintest black hole system, GRS 
1758-258. 

energy from accr e tion (Blandfo rd fc Konigj 119791: 
IMarkoff et all 120031: IHeinz fc Sunvaevl 120031 Merloni. 
Heinz, & di Matteo 2003). Therefore, we also plot in 
Figure 0] lines of Lr °c L x j that intercept data from 
V404 Cyg, Cyg X-1, and GRS 1758-258; these lines 
bound the observed scatter in radio luminosities. The 
upper limits on the radio luminosities of the neutron 
star X-ray binaries are equal to or below the line of 
-Lr oc L x ' 7 that passes through the faintest black hole 
X-ray binary observed in the hard X-ray state, GRS 
1758-258 (|Lin et alJ 1200(1 iMarti et alJ Effll . The 
strictest 1-a upper limit on the radio luminosity, from 
IE 1724-307, is a factor of ~ 4 below the relationship 
for GRS 1758-258. For comparison, there is a factor 
of w 30 difference in the radio luminosities of GRS 
1758-258 and those of V404 Cyg and GX 339-4. 

By comparing a sample of accreting bla ck holes in X- 
ray b inaries and active gala ctic nucleii, iMerloni et al.l 
( 2003) and l)Falke et alJl2004|) have found an additional 
dependence on black hole mass: logL r = 0.6 log Lx + 
0.81ogM. This dependence is also expected from con- 
ical j et models ijFalke et all 120041 iRobertson fe Leiterl 
2004). Therefore, in Figure we re-plot the data in 
Figure 01 with the x-axis scaled by a factor (M/M©) ' 8 . 
Since all of the black holes in the sample have masses 
that are between 5-15 M & l)McClintock fc Rem illard 
|2004|) . the proposed dependence on mass does not ac- 
count for the scatter in the Lr vs. Lx relationship for 
black holes. However, accounting for the fact that the 
neutron stars are likely to ha ve masses near 1.4 M & 
ijThorsett fc ChakrabartvllT9 99) shifts them so that the 
upper limits on their radio luminosities are consistent 
with the relationship defined by GRS 1758-258. How- 
ever, the mean luminosity of the neutron star LMXBs is 
still lower than that of the black holes. 

Unfortunately, the individual upper limits on the ra- 
dio emission from the three neutron star LMXBs are not 



strict enough to establish a clear difference between the 
production of jets from accreting black holes and neutron 
stars. Nevertheless, the low radio luminosities of the neu- 
tron star systems do raise further questions as to the ori- 
gin of the dispersion in the radio lumi nosities of ac c reting 
X-ray binaries in hard X-ray states. IGallo et al.l (|20Q3f) 
suggested that GRS 1758-258 has an anomalously low 
radio luminosity because its jets have been "quenched" 
by an unknown mechanism that begins to operate when 
black holes accrete at a few percent of the Eddington 
rate. Indeed, all four sources with low radio luminosities 
have Lx ~ (0.01 — 0.04)LEdd- However, the quench- 
ing mechanism would have to activate in these systems 
without manifesting any obvious cause (or reaction) in 
the energy spectrum and timing properties of the X-ray 
emission (see Lin et al. 2000 for GRS 1758-258, and Fig- 
ures |2 and |21 for the neutron star LMXBs). 

Further insight into the possible causes of the relative 
faintness of the the radio emission during the hard X- 
ray states of GRS 1758-258, IE 1724-307, 4U 1812-12, 
and SLX 1735-269 can be found by considering current 
models explaining why hard X-ray and radio emission 
are observed together. For instance, several authors have 
suggested that the structure of the accretion flow is more 
conducive to launching jets in the hard state than in the 
soft, most likely because the geometry of the accretion 
flow differs (Meier, Koide, & Uchida 2001; Meier 2001; 
Merloni & Fabian 2002). Specifically, the hard X-ray 
state is thought to occur when the accretion flow is ra- 
diatively inefficient and geometrically thick, whereas the 
thcrmal-dominate state is assumed to occur when the ac- 
cretion disk is radiatively-efficient and geometrically thin 
(e.g., Esin, McClintock, & Narayan 1997). At the same 
time, the jets are assumed to be formed by threading 
matter onto a poloidal magnetic field anchored to the 
rotating accretion flow ( Blandfo rd fc Pavnall982|) , while 
the fields are generated by turbulent motions in the ac- 
cretion flow. Since the scale heights of the turbulent 
motions are much larger when the flow is geometrically 
thick, stronger magnetic fields and more powerful jets 
are produced in the hard state. Under this model, there 
is no obvious reason to associate the faintness of the ra- 
dio emission from GRS 1758-258 and the neutron star 
LMXBs with the "quenching" of what would otherwise 
be a powerful compact jet, since the X-ray emission from 
these sources are almost indistinguishable from those of 
radio-luminous sources such as Cyg X-1. Instead, it 
seems more natural to assume that another physical or 
observational property of the radio-faint sources differs 
from the radio-luminous ones. 

Another basic explanation for the association is that 
the hard X-rays are produced by optically-thin syn- 
chrotron emission from the electrons in the jet (Markoff, 
Falcke, & Fender 2001; Markoff et al. 2003; note that in 
this case the mechanism for launching the jet is unspeci- 
fied) . Under this model, there is little freedom to assume 
that the jet power is simply lower in GRS 1758-298 and 
the neutron star LMXBs during their hard states, be- 
cause the X-ray emission is produced in the jet. One 
option is to assume that the break frequency at which 
the synchrotron emission from the jet changes from op- 
tically thick to optically thin shifts to higher frequen- 
cies, so that the X-ray luminosity from the jet is pre- 
served, while the radio luminosity at 5 GHz declines. 
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This could be accommodated if the shock that acceler- 
ates the X-ray emitting electrons in the jet forms closer 
to the accreting compact object. Since the shock is po- 
sitioned ~ 10 3 gravitational radii from the black holes 
in the mo dels for XTE J1118+480 a nd GX 339-4 pre- 
sented bv lMarkoff et alJ (|200lL 12003^ . in principle there 
is plenty of room for it to move. Moreover, the presence 
of stronger noise in the power spectra of the neutron star 
LMXBs above ~ 20 Hz in Figure El could also be taken 
as evidence that the X-ray emitting region is closer to 
the compact object. 8 Alternatively, some of the X-ray 
emission may be produced by synchrotron self-Compton 
emission, which would allow for some decoupling between 
the X-ray and radio emission (S. Markoff, M. Nowak, & 
J. Wilms, in preparation). 

Given the tentativeness of the above arguments, we be- 
lieve it also is important to consider whether the disper- 
sion observed in the radio luminosity from the ensemble 
of black hole and neutron star X-ray binaries is caused by 
differences in the physical or observational par ameters of 
the systems. For instance, iGallo et alJ <|2003f) examined 
the degree to which Doppler boosting of the radio and X- 
ray emission could produce dispersion in the -Lr vs. Lx 
relationship, and concluded that the tightness of the cor- 
relation between 10 34 and 10 36 5 erg s" 1 implies that the 
bulk motion of the jets can be no more than ~ 0.8c. How- 
ever, they specifically omitted the data from GRS 1758- 
258, which they assumed was quenched in the radio; in- 
cluding that source and the neutron star LMXBs could 
point toward a larger importance for Doppler boosting. 

The presence of a hard surface near the inner edge 
of the accretion disk is another factor that distinguishes 
neutron star LMXBs from those containing black holes. 
The hard surface must arrest the a ccretion flow, which 
would form a boundary layer (e.g., IPopham &: Sunvaevl 
1200 1|) that could alter the structure of a jet or produce 
photons that cool the electrons in the jet. However, it 
is difficult to believe that this is the explanation for the 
faintness of the radio emission from the neutron stars, 
because there are not significant differences in the X- 
ray spectral or timing components seen from the black 
hole and neutron star systems that can be attributed 
unambiguously to such a boundary layer in the latter 
systems (Fig. El and EJ. 

Finally, it has also been suggested that the depth 
of the gravitational potential out of which the jets 
are produced can greatly influence their strength (e.g., 
Blaridford fc P^ITcisl IWiTson fc ColbertJII flMlMeiel 
2001). In black hole systems, the inner radius at which a 
stable accretion disk can exist depends on the black hole 
spin; in a neutron star systems, it is most likely set by ei- 
ther the surface of the star, or by a dipole field anchored 
to the star. The low radio luminosities of GRS 1758-298, 
IE 1724-307, 4U 1812-12, and SLX 1735-269 could then 
be explained by the relative shallowness of their poten- 
tials. For the neutron stars, the difference would be due 

8 It has not been reported in the literature whether high fre- 
quency noise is stronger in GRS 1758-258 than in, e.g., Cyg X-l 
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to the nature of the compact object; for GRS 1758-258, 
the difference could be explained if the black hole was 
either non-rotating, or rotating with an angular momen- 
tum opposite to that of the accretion disk. 

4. CONCLUSIONS 

We have obtained upper limits on the radio emission 
from three neutron star LMXBs, concurrent with X-ray 
observations that demonstrated that they were in a hard 
X-ray state. We have compared these upper limits to 
the radio luminosities of several black holes in very simi- 
lar hard states, and found that the neutron star systems 
are as faint as or fainter than the black hole candidate 
with the lowest observed radio luminosity, GRS 1758- 
258. The difference in radio luminosity can partly be 
attributed to the lower masses of the neutron star sys- 
tems, which on theoretical and observational grounds is 
expected to decrease as M 8 . However, there still re- 
mains a factor of 30 scatter in the radio luminosities of 
black hole and neutron star X-ray binaries, particularly 
at X-ray luminosities of a few percent Eddington. We 
find no obvious differences in the X-ray timing and spec- 
tral properties that explain this dispersion. 

Two future observations could help resolve why there is 
such a large dispersion in the radio luminosities of black 
hole X-ray binaries, and why neutron stars tend to fall 
on or below the faint end of this dispersion. First, it is 
important to either detect, or place much stricter upper 
limits on, the radio luminosities of neutron star LMXBs 
in the X-ray hard state. This would help resolve whether 
there is indeed a physical difference that causes the rel- 
ative faintness of neutron star LMXBs, or whether the 
three sources we observe just happen to fall on the low 
end of a dispersion in radio luminosity. Second, radio ob- 
servations of the fainter radio sources, i.e. GRS 1758-298 
and the neutron star LMXBs, at lower X-ray luminosi- 
ties could reveal whether they are indeed quenched near 
^Edd ~ 0.01, or whether another parameter is needed 
to explain the radio luminosity of X-ray binaries in hard 
states. 
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TABLE 1 
VLA Observations 



Source 


RA DEC 
(J2000) 


Date 


V 

(GHz) 


TExp 

(h) 


S v 
(mjy) 


4U 1812-12 


18 15 06.18 -12 05 47.1 


2001 Jun 5 


8.4 


0.25 


< 0.2 


SLX 1735-269 


17 38 17.12 -26 59 38.6 


2001 Nov 5 


8.4 


1.5 


< 0.056 








1.5 


1.5 


< 0.16 


IE 1724-307 


17 27 33.15 -30 48 07.8 


2001 Sep 25 


8.4 


1 


< 0.025 








1.8 


1 


< 0.035 








1.4 


1 


< 0.41 



N ote. — Positions w ere taken from Revnivtsev, Trudolvubov. & Borozdin (2002) 
and I Wilson et alj 120031) . 



TABLE 2 
RXTE Observations 



Source 


Date 


Tfexp 

(ks) 


No. PCU 


C 

(c s- 1 PCU" 1 ) 


HC 


4U 1812-12 


2001 Jun 6 - Jul 21 


21 


3.0 


41 


0.824 


SLX 1735-269 


2001 Nov 5-7 


22 


2.8 


31 


0.693 


IE 1724-307 


2001 Sep 25; Nov 9-11 


48 


3.3 


54 


0.706 



Note. — For each source, we list the date of the PCA observations, the exposure time, 
the average number of active proportional counter units, the count rate, and the hard 
color. 



TABLE 3 
X-ray Spectra 



Parameter 4U 1812-12 SLX 1735-269 IE 1724-307 

N H (cm- 2 ; fixed) 1.5 1.5 1.0 

kT hh (keV) 0.59± ° 3 0.48l o -°! 

7V bb (km [lOkpc]- 1 ) 73±i| 150±!,J 50 

r , ?n +0.03 2 nn+0.03 , o fi +0.02 

1 1 -' u -0.08 z - uu -0.03 1 - 9D -0.0 

E iolA (fixed) 300 300 300 

R °- 27 ±o.02 0.45±o;o9 < 0.003 

£ (erg cm s" 1 ) 0.25 654 

N r (ph cm- 2 s-i) 0.10±° : » 0.1lt°;£ 0.20T™ 

X 2 /f 92/87 78/88 106/90 

^2-iOkoV (JO" 10 ergem" 2 s" 1 ) 4.1 3.0 5.6 

^10-20^ (10- 10 erg cm" 2 s" 1 ) 2.5 1.8 2.4 

F 20 -200keV (10- 10 erg cm' 2 s" 1 ) 6.8 1.9 4.9 



Note. — All fluxes arc dc-absorbed. 



TABLE 4 
X-ray Timing 



Parameter 



4U 1812-12 



SLX 1735-269 



IE 1724-307 



constant (xlO 6 ) 



v A , 
us, 

x 2 



Wi, 

w 5 , 



Ni 

N; 

N 3 
N 4 

N 6 



11(4) 
0, 0.25(3), 0.039(3) 
< 0.5, 2(1), 2(1) xlO- 
0, 25(6), 5(2)xl0" 4 



135/98 



4(1) 

0, 0.28(1), 0.056(5) 
0, 3.0, 2.0(9)xl0" 3 
0, 19.3(9), 1.0(l)xl0" 3 
0, 371(90), 4.2(7)xl0" 5 
0.64(1), 0.17(7), 4.4(5) X 10" 
0.62(8), 1.4(2), 6(l)xl0~ 3 
119/89 



16(5) 

0, 0.9(2), 4.7(6) xl0~ 3 
0, 7(1), 1.5(4)xl0" 3 



76/54 



Note. — Power spectra were fit with Lorentzians, 
(Wi) and normalization (Ni). 



the parameters of which were the centroid (^i), 



■idth 



